Deriving striatal projection neurons from human pluripotent stem cells with Activin A
The striatum is the main input structure of the basal ganglia and is involved in voluntary motor control, habit learning and reward processing. Medium spiny neurons (MSNs) comprise 80% and 95% of striatal neurons in primates and rodents, respectively, while the remaining population is made up of gamma-aminobutyric acid-ergic (GABAergic) and cholinergic interneurons. Up to 90% of MSNs are specifically lost in Huntington's disease (HD), which is an inherited neurodegenerative disorder caused by an extended CAG-repeat mutation in the Huntingtin (HTT) gene. Although the exact mechanism by which mutant Htt protein disrupts striatal cell homeostasis and leads to MSN loss remains largely unknown, several studies using induced pluripotent stem cells (iPSCs) derived from patients have proven that this could be a powerful platform for understanding HD (Camnasio et al., 2012; Consortium, 2012) . Furthermore, with no disease-modifying treatment currently available, cell replacement has long been recognized as a potential therapy for HD. Human fetal tissue from the ganglionic eminences, the developmental birthplace of striatal neurons, has been used as a proof-of-principle in both pre-clinical animal studies and clinical trials (Dunnett and Rosser, 2014) . However, fetal tissue is in limited supply, involves ethical concerns and therapeutic product derived from it is impossible to quality-control; all of which could be avoided by using human PSCs (hPSCs) as a source of tissue for transplantation. In order to exploit the full potential of hPSCs, a robust differentiation paradigm is required to obtain an enriched population of MSNs in vitro and in vivo following transplantation. This article will be focused on a recent discovery of a novel approach to generate MSNs from hPSCs using Activin A (Arber et al., 2015) .
A novel, reliable and efficient paradigm for directing striatal fate in hPSCs: MSNs are born in the lateral ganglionic eminence (LGE), which is the dorsal region of the embryonic ventral telencephalon located dorsolateral to the medial ganglionic eminence (MGE) and ventral to the developing cortex. The cellular identity of MSN progenitors can be identified by the combinatorial expression of several transcription factor genes shown in Figure 1 (Onorati et al., 2014) . All mature MSNs in the striatum express a zinc finger protein BCL11B (also named CTIP2) and the dopamine-and cyclic adenosine monophosphate (cAMP)-regulated phosphoprotein (DARPP32). Previous studies have demonstrated that components of the transforming growth factor-β (TGF-β) superfamily, Activin receptors and their transcriptional effectors, the Smad proteins, are expressed in the developing striatum (Feijen et al., 1994; Maira et al., 2010) , suggesting potential regulation of LGE development by TGF-β family signalling. Indeed, we found that Activin A, a multifunctional TGF-β family protein referred to hereafter as Activin, is capable of inducing LGE fate in hPSC-derived forebrain progenitors. This was demonstrated by a substantial increase in LGE specific gene transcripts as well as a higher yield of cells immunoreactive for MSN progenitor markers (Arber et al., 2015) . We further showed that this increase in striatal precursor cell population was driven by a direct induction of LGE fate in forebrain progenitors by Activin, rather than a higher rate of proliferation of pre-patterned striatal precursors. The observed induction of LGE characteristics translated to MSN production -around 40% yield of DARPP32-expressing neurons with Activin compared to < 1% in untreated controls. The DARPP32 + cells co-expressed other MSN neuronal markers and with 2-3 months maturation time in culture exhibited multipolar morphology with numerous spines on dendritic processes. Patch clamping of these cells revealed MSN-like firing properties and synaptic connection to other GABAergic neurons in vitro, despite their functional immaturity as evidenced by a relatively depolarised membrane potential. Upon transplantation into a quinolinic acid (QA)-lesioned rat model of HD, Activin-induced LGE progenitors survived and differentiated into DARPP32 + cells, which constituted 50% of the grafts. Our approach differs from previously published methods that apply the ventralising morphogen Sonic hedgehog (SHH) (Aubry et al., 2008; Ma et al., 2012; Carri et al., 2013; Nicoleau et al., 2013) . We did not observe a further enhancement of Activin-induced LGE fate by exogenous SHH, nor a compromise of MSN production by blocking endogenous SHH signalling with cyclopamine. Moreover, in our hands, whilst SHH could induce the MGE (NKX2.1) and pan-GE transcription factors (DLX2, MEIS2, ASCL1 and GSX2), it failed to upregulate genes preferentially expressed by the LGE (BCL11B, NOLZ1 and FOXP1).
A recent study reported the generation of DARPP32 + neurons from human fibroblasts by direct transfection of microRNAs and LGE-specific transcription factors (Victor et al., 2014) . These induced MSNs (iMSNs) appear to exhibit a similar molecular profile and electrophysiological properties to those derived from hPSCs and maintained the key MSN marker expression following transplantation in mouse brain. However, the distinct conceptual and experimental approach between PSC in vitro differentiation and induced neuron (iN) may impact on the potential applications of the respective cellular products. iNs undergo direct conversion from fibroblasts to neurons, bypassing the developmental stages in-between. In contrast, hPSC differentiation plays out the sequential steps of neural development, allowing both the study of this important process in a human setting and cellular pathology and molecular events leading to neurological diseases. The developmental stage of transplanted tissue has a big impact on its survival and functional integration into the host brain, so the direct nature of iN may limit the scope for optimisation of the grafting procedure. Does TGF-β signalling play a role in striatal development and homeostasis? The TGF-β family of proteins, including TGF-β, Activins and BMPs, are involved in many aspects of cell proliferation, lineage determination, differentiation, motility, adhesion, and death. Their intracellular effector proteins, the Smads, are phosphorylated upon receptor-ligand binding and translocate to the nucleus where they can activate gene transcription. Phosphorylated Smad2 (pSmad2), which is downstream of Activin and TGF-β signalling via the ALK4/5 receptors, was detected in the ganglionic eminences, and co-localised with DLX2 throughout. The two proteins were also confirmed to interact in vivo by immunoprecipitation, and pSmad2 was found to bind to the DLX2 gene enhancer by chromatin immunoprecipitation (Maira et al., 2010) . This is in line with our findings that Activin upregulated LGE marker expression within just 24 hours, supporting a direct regulatory mechanism. In order to investigate whether continuous Activin signalling was necessary for the differentiation of LGE progenitors towards mature MSNs, we treated hPSC-derived forebrain progenitors at day 9 with Activin for 5, 11, 19 and 34 days in culture. We found NEURAL REGENERATION RESEARCH December 2015,Volume 10,Issue 12 www.nrronline.org that the maximum yield of DARPP32 + neurons (40%) was achieved after 11 days of exposure to Activin, while the number of BCL11B + neurons continued to increase with longer Activin treatment (Arber et al., 2015) . In contrast, cultures supplemented with Activin for 5 days produced only half the number of DARPP32 + neurons and the lowest yield of BCL11B + cells. This suggests that there might be a well-defined short developmental window when Activin signalling is essential for normal MSN development. To confirm that this LGE marker upregulation was a result of specific Activin signalling we added a potent ALK4/5 inhibitor, SB431542, and observed a complete elimination of Activin's effects. Activin is known to have pro-survival neurotrophic effects, and was tested as such to improve striatal neuron survival in a QA-induced rat model of HD. Intrastriatal administration of Activin was able to recover a large proportion of the degenerated neurons in the lesioned striatum including MSNs, parvalbuminergic and cholinergic interneurons (Hughes et al., 1999) . Similarly, we previously demonstrated that Activin had pro-differentiation effects that were dependent on retinoic acid (RA) signalling (Cambray et al., 2012) . While RA has been shown to double the number of DARPP32 + MSNs generated from cultured primary mouse LGE cells (Toresson et al., 1999) , a hPSC differentiation protocol using RA as the sole patterning factor yielded no MSN-like cells, rather inducing a GABAergic interneuron fate (Chatzi et al., 2011) . Together, these data suggest that Activin may be functioning via multiple mechanisms to induce MSN fate in hPSCs, highlighting a possible physiological role of TGF-β signalling in striatal development and homeostasis that warrants further investigation. Might BCL11B be an effector of Activin A-induced striatal fate? We consider BCL11B the likely key mediator down-stream of Activin-Smad signalling. BCL11B is expressed by all nascent and mature MSNs but is excluded from striatal interneurons. Loss of BCL11B leads to reduced expression levels of DARPP32 and other MSN markers and disrupted patch-matrix organization of the striatum with heterotopic cellular aggregates (Arlotta et al., 2008) , demonstrating a requirement for BCL11B in MSN development and the establishment of the striatal architecture. In the induced neuron study, BCL11B was the only LGE transcription factor tested that was able to produce DARPP32-expressing MSNs in conjunction with the neural inducing microRNAs (Victor et al., 2014) . Indeed, we found that BCL11B is the first LGE transcription factor gene to be robustly induced upon Activin treatment. The increased levels of BCL11B transcript can be detected as early as 12 hours post-treatment (8-fold) and continue to further increase with prolonged exposure to Activin (Arber et al., 2015) . Such rapid upregulation of BCL11B strongly suggests a direct mechanism by which Activin targets BCL11B transcription, potentially via phosphorylation of Smad2. Interestingly, loss of BCL11B did not have an effect on the birth of MSN progenitors in mice but rather severely impeded their postmitotic maturation and connectivity (Arlotta et al., 2008) . This suggests that Activin may have other direct targets in the developing LGE, either together with or upstream of BCL11B, to specify MSN progenitor fate. One such target could be a closely related transcription factor BCL11A, which shares a high degree of homology with BCL11B and is also strongly expressed in the developing striatum. Indeed, BCL11A expression was found to be upregulated in the BCL11B-mutant striatum, which may have had a compensatory effect, resulting in a milder phenotype. Furthermore, both transcription factors are sequence-specific DNA binding proteins that act primarily as transcriptional repressors, either independently or by interacting with chicken ovalbumin upstream promoter transcription factor (COUP-TF) family members (Avram et al., 2000 (Avram et al., , 2002 . BCL11B consensus binding sites have been identified in the 5' UTR of DARPP32 and FOXP1 genes (Arlotta et al., 2008; Tang et al., 2011) , while a COUP-TF1 consensus binding site has been identified within the first intron of DARPP32 (Arlotta et al., 2008) . It would be interesting to demonstrate direct binding of these transcription factors to DARPP32 and potentially other Dorso-ventral patterning of the telencephalon is achieved through gradients of morphogens Sonic hedgehog (SHH) and GLI family zinc finger 3 (GLI3). Genes in italics represent novel striatum-enriched genes discovered by Onorati et al. (2014) .
MSN genes.
Prospects of hPSC-derived MSNs in disease modelling and regenerative medicine: Our robust approach for generating MSNs from hPSCs provides a useful platform to study human MSN development in vitro, revealing a novel pathway by which Activin may play a role in striatal development. Further probing into in vivo striatal development will be necessary to draw more parallels between the two processes. The high proportion of MSNs we can produce is also of interest to the field of cell replacement therapy for HD. Our initial data demonstrates that it is possible to achieve high proportions of cells expressing the correct markers for MSNs, but that much more investigation into the functional integration of these cells within the host brain is needed to assess their true potential. Recording graft activity from brain slices, for example, would reveal if the grafted neurons are able to form functional synapses with host neurons as a first step to addressing whether they will be able to produce detectable changes in motor function. However, it must be contemplated whether transplantation of MSNs alone will be sufficient to yield functional recovery in animal models or patients. Striatal parvalbumin interneurons are also severely affected in HD, and reports comparing transplantation of LGE alone with whole GE primary tissue have been conflicting. Co-transplantation of hPSC-derived LGE with MGE progenitors, the source of striatal interneurons, is one avenue that should be considered going forward. Finally, we have been able to replicate Activin induction of MSN fate in every embryonic and induced PSC line tested, providing a highly reliable tool for studying MSNs derived from HD patient iPSCs, rather than a heterogeneous pool of neurons not specific to the disease. This will allow the field to build upon previous studies that have begun to find differences between patient and control iPSC-derived neurons in electrophysiology, metabolism, cell adhesion and cell death (Consortium, 2012) . Our platform may provide new insight into mutant HTT protein function within a disease-relevant population of MSNs and a robust in vitro model for drug screening, which has been missing from our field so far.
